Future deep space missions to Mars and near-Earth asteroids will expose astronauts to chronic solar energetic particles (SEP) and galactic cosmic ray (GCR) radiation, and likely one or more solar particle events (SPEs). Given the inherent radiosensitivity of hematopoietic cells and short latency period of leukemias, space radiation-induced hematopoietic damage poses a particular threat to astronauts on extended missions. We show that exposing human hematopoietic stem/progenitor cells (HSC) to extended mission-relevant doses of accelerated high-energy protons and iron ions leads to the following: (1) introduces mutations that are frequently located within genes involved in hematopoiesis and are distinct from those induced by γ-radiation; (2) markedly reduces in vitro colony formation; (3) markedly alters engraftment and lineage commitment in vivo; and (4) leads to the development, in vivo, of what appears to be T-ALL. Sequential exposure to protons and iron ions (as typically occurs in deep space) proved far more deleterious to HSC genome integrity and function than either particle species alone. Our results represent a critical step for more accurately estimating risks to the human hematopoietic system from space radiation, identifying and better defining molecular mechanisms by which space radiation impairs hematopoiesis and induces leukemogenesis, as well as for developing appropriately targeted countermeasures.
INTRODUCTION
A major challenge facing long-duration manned missions beyond low Earth orbit (LEO), such as those planned to Mars and nearEarth asteroids, is the poorly defined health risks associated with the chronic low dose rate exposure of astronauts to space radiation comprised of solar energetic particles (SEPs) and galactic cosmic rays (GCR). SEPs and GCRs include accelerated charged particles ranging from protons to high charge and energy (HZE) ions. The Mars Science Laboratory Radiation Assessment Detector recently measured the typical fluences and energies of charged particles to which astronauts will be exposed during a Mars mission. [1] [2] [3] [4] Although the relative fluences of HZE ions in the solar and GCR fields are fairly low, their linear energy transfer (LET) values are orders of magnitude higher than those of traditional X-rays and γ-rays. As such, they constitute a significant portion of the total dose equivalent (TDE) received by astronauts. [5] [6] [7] Nuclear fragmentation resulting from charged particle interactions with the spacecraft hull and contents and the subsequent generation of low-energy secondaries, further contributes to the TDE and complicates risk analysis. 5, [7] [8] [9] The cumulative radiation exposure received from these sources during long-duration spaceflight could have significant short-and long-term untoward effects on human physiology, 5, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] including the potential to increase cancer morbidity/mortality in astronauts.
Unfortunately, due to an incomplete understanding of the biological effects during and following exposure to the space radiation environment, 17, 18 and the paucity of human epidemiological studies for these more exotic radiation types, it is difficult to accurately estimate the risk of carcinogenesis from long-term chronic exposures that astronauts will experience on extended deep space missions. 8, [18] [19] [20] Complicating matters is the additional 20% probability of short-term solar particle events (SPEs) during the roughly 400-day round trip to and from Mars, which could conceivably impart a relatively high acute dose of predominantly protons and light ions within an hour or less, significantly increasing mission TDE. 7, 21, 22 Despite the clear importance from the standpoint of astronaut safety and mission outcome/success, studies to-date assessing human cancer risks from space radiation have largely been: 1) based on the assumption that protons and HZE ions damage cells similarly to traditional low LET radiation such as X-and γ-rays; and 2) extrapolated from rodent studies involving exposure to single ion species at high dose rates. 18, 20, 23, 24 Current NASA probabilistic risk models continue to be refined and improved to incorporate factors to account for dose rate-and LET-dependent quality factors as more data become available. more damaging to human DNA than X-rays or γ-rays despite having nearly identical LET values and producing a greater number of complex DNA 'clustered' lesions per unit dose, behaving in a fashion more characteristic of heavier charged particles like HZE ions. 25, 26 Later work showed that dual mixedfield exposures of relatively low doses of protons and HZE ions produced additive or even synergistic effects on primary human fibroblast killing and transformation, most notably when HZE ion ( 56 Fe ions) irradiation followed within an hour after proton irradiation (an exposure scheme typical in space). More recent murine studies have shown similar effects of sequential irradiation with protons followed by HZE ions in the lung, heart and hippocampus. [27] [28] [29] Collectively, these studies suggest that exposure of human cells, notably hematopoietic stem cells (HSC), to SEP and GCR radiation may significantly increase risk of carcinogenesis, and highlights the need for additional research on human cells using combinations of radiation species (ions) and exposure schemes that best approximate the space radiation environment.
Given the inherent sensitivity of the hematopoietic system to ionizing radiation [30] [31] [32] [33] and the short latency period of leukemias, 19 SEP and GCR-induced hematopoietic damage may pose a particular threat to astronauts during prolonged missions. To begin defining the potential risk to astronaut hematopoietic systems from space travel beyond LEO, we performed in vitro and in vivo studies to define the functional impact of exposing human bone marrow-derived hematopoietic stem/progenitor cells (HSC), isolated from healthy donors of typical astronaut age (30-55 years), to mission-relevant doses of simulated SEP protons (1 Gy of 50 MeV protons; primary SPE energy 34 ) or GCR (20 cGy of 1 GeV/n 56 Fe ions) using sham-irradiated and γ-irradiated same donor HSC as controls.
MATERIALS AND METHODS
Preparation of human bone marrow-derived HSC and exposure to simulated SEP/GCR radiation Frozen human CD34+ cells isolated from healthy adult donors of typical astronaut (age 30-55 years) were obtained commercially. On the day prior to the scheduled irradiations at the NASA Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory (BNL), human CD34+ cells were thawed, packaged and shipped to NSRL. Upon receipt at NSRL, HSC were exposed to mission-relevant doses of simulated SEP and GCR radiation.
Analysis of hematopoietic colony-forming potential by HALO Upon receipt at WFIRM, cells were washed, counted and viability checked. Their in vitro functionality/colony-forming potential was then assessed by HALO assay. 35 Transplantation of immunodeficient mice to assess human HSC functionality in vivo
To test their in vivo potential/functionality, human HSC exposed to each irradiation scheme were used to reconstitute human hematopoiesis in immunodeficient NSG mice, 36 in accordance with a Wake Forest University Health Science IACUC-approved protocol.
Histopathology/Immunohistochemistry on enlarged spleens
To define the cause of the marked splenomegaly in the mice transplanted with human HSC exposed to 56 Fe ions, the spleen was collected at the time of euthanasia, processed and analyzed by immunohistochemistry with human-specific antibodies.
FACS analysis of human hematopoietic engraftment and differentiation
At euthanasia, all long bones and the spleen were collected from each animal and processed to obtain a single cell suspension. Cells were then stained with a panel of fluorophore-conjugated antibodies to various human markers/antigens, and analyzed on a FACS caliber (BDIS, San Jose, CA, USA) flow cytometer.
Whole exome sequencing of DNA from human HSC exposed to SEP and GCR Immediately upon receipt at WFIRM (~18 h post irradiation), total genomic DNA was extracted from aliquots of CD34+ cells exposed to each irradiation scheme, and subjected to whole exome sequencing to identify genetic variants induced by each irradiation scheme.
RESULTS
In vitro studies Human CD34+ hematopoietic stem/progenitor cells (HSC) were obtained from bone marrow of six healthy adults of typical astronaut age, transported overnight to the NASA Space Radiation Laboratory (NSRL), and exposed to one of the following irradiation schemes:
(1) Sham irradiation (2) 25, 26 ).
Samples were then analyzed at~18 h post irradiation. HSC from each exposure group were enumerated, and an equal number were assessed for functionality (in replicates of 6-8) in vitro using the HALO-96 Human Stem/Progenitor Cell Assay (Hemogenix, Inc., Colorado Springs, CO, USA). This highly sensitive assay simultaneously quantitates seven different stem/progenitor cell populations at varying stages of differentiation: HPP-CFC, CFU-GEMM/ Mix, CFU-GM, BFU-E, CFC-Mk, CFC-T and CFC-B.
The HALO results in Figure 1 show that, in most cases, 1 Gy of cesium-137 γ-rays and 50 MeV protons, both low LET radiations, exert fairly similar effects on HSC function (P40.05 comparing effects of protons vs γ-rays), with both significantly reducing (by 50-80%, when comparing either protons or γ-rays to shamirradiated controls, depending upon colony type) the ability of HSC to form primitive colonies (HPP-CFC and CFU-GEMM; P ⩽ 0.01), as well as more differentiated myeloid (CFU-GM; P o0.01), erythroid (BFU-E; P ⩽ 0.03), megakaryocyte/platelet (CFC-Mk; P ⩽ 0.01) and lymphoid (CFC-T and CFC-B; P ⩽ 0.01) colonies.
In contrast to γ-rays and protons, 20 cGy of 1 GeV/n 56 Fe ions had a much less pronounced effect on the colony-forming potential of HSC, exerting no significant effect (P40.05) on their ability to give rise to the most primitive HPP-CFC colonies. Exposure to these high-LET ions did, however, reduce the colonyforming potential in the remaining lineages by 20-40%, depending upon the specific colony type (Figure 1) . Furthermore, combining protons with iron ions within a 15-min interval (to mimic a typical deep space exposure scenario) proved to be highly deleterious to HSC function, reducing their ability to produce all colony types by 60-80% (Figure 1 ). This decrease was, in all cases, statistically different from the effects seen with either 56 Fe ions alone (P o 0.01 comparing sequential proton+ 56 Fe ions to iron ions alone) or protons alone (P o0.05 comparing sequential proton+ 56 Fe ions to protons alone). Of importance is that the effects observed on hematopoietic colony formation following exposure of HSC to sequential proton+ 56 Fe ions often differed markedly from the effects seen with either single ion species; moreover, these effects varied from one lineage (colony type) to another.
The CD34+ cell population used in these studies is heterogeneous, in that it contains cells at multiple stages of differentiation. HALO enables precise quantitation of hematopoietic cells at varying stages of differentiation/lineage commitment, offering a temporal 'snapshot' into the presence/ functionality of the different early stem/progenitor populations. Each colony type forms as a result of its 'parent cell's' ability to proliferate with a specific cocktail of cytokines and provides a precise readout of the relative radiosensitivity of hematopoietic cells at specific stages of differentiation/lineage commitment. Each colony type is derived exclusively from a specific precursor cell. As such, reduction in formation of specific colony types following exposure of CD34+ cells to GCR/SEP radiation indicates that the stem/progenitor cell that gives rise to that particular colony type is sensitive to the radiation species in question. The observed reduction in HPP-CFC colonies following exposure of CD34+ cells to GCR/SEP radiation indicates that these primitive human HSC are sensitive to these space radiation species. Similarly, the reduction in the formation of BFU-E, CFC-T and CFC-B colonies demonstrates that progenitors of the erythroid, T-lymphoid and B-lymphoid lineages, respectively, are likewise sensitive to GCR/SEP radiation.
Whole exome sequencing on human HSC exposed to proton and iron ion irradiation To assess whether differences in colony-forming potential from exposure to protons, 56 Fe ions, or sequential proton+ 56 Fe ion irradiations might translate to variable leukemogenic potential in vivo, DNA was isolated from HSC from two human donors at 18 h post irradiation, and subjected to unbiased whole-genome amplification followed by whole-exome sequencing (WES), with 100 × coverage. Sequence data from HSC exposed to each irradiation scheme were compared with that of sham-irradiated HSC from the same donor, to ensure that any observed alterations were not simply due to genetic variation. As shown in Figure 2a , each irradiation scheme induced a large number of genetic alterations, some of which were common to all irradiation schemes, and some of which were unique to the specific radiation species employed. Of note, the pattern and magnitude of alterations induced in response to each irradiation scheme were almost identical in HSC from the two different human donors.
Given the large number of alterations present, data were filtered to identify genomic regions that were potentially enriched for functional mutations in each irradiated sample. The genome was divided into intervals of 50 kb, the number of variants induced by each irradiation scheme was counted, and the top 0.1% of those intervals was extracted. This list was further restricted by only considering the single-nucleotide variants (SNV) that fell within exons. Figure 2b depicts the SNV induced by each irradiation scheme, in HSC from either of the two donors, whereas Figure 2c shows these data after filtering to only show SNV present in HSC from both donors following exposure to each irradiation scheme. It is intriguing that, once data from the 2 donors were pooled, there were no longer any SNV common to all irradiation schemes, yet many SNV unique to each specific irradiation (especially those involving protons or 56 Fe ions) scheme were present in the HSC from both donors.
The main graph in Figure 3 depicts the percentage of SNV present within HSC that were unique to the specific irradiation scheme, and shows that a large percentage of SNV induced by protons and 56 Fe ions were unique to those radiations. As we observed different effects on HSC functionality when cells were sequentially exposed to protons followed by 56 Fe ions (compared to either ion alone), we analyzed the WES data to ascertain whether HSC sequentially exposed to protons and 56 Fe ions had unique SNV when compared with the HSC exposed to either ion alone. As can be seen in the smaller graph (inset), 38% of the SNV present in the HSC (from both donors) following sequential Figure 1 . Effect of γ-ray, proton, iron ion and mixed-field proton/iron ion irradiation on HSC function. Human BM-derived CD34+ cells (n = 6 different human donors) were exposed to 137 Cs γ-ray irradiation (1 Gy, 662 keV) at BNL; monoenergetic protons (1 Gy, 50 MeV; primary SEP energy) at NSRL; iron ions (20 cGy, 1 GeV/n) at NSRL; or sequential monoenergetic protons (1 Gy, 50 MeV), followed 15 min later by iron ions (20 cGy, 1 GeV/n) at NSRL, to better simulate astronaut radiation exposure in deep space. Upon return to WFIRM (~18hr post irradiation), all HSC (as well as 'sham-irradiated' HSC that were shipped to NSRL and back) were assayed for functionality/colony-forming potential using the HALO-96 Human Stem/Progenitor Cell Assay (HuSPCA; Hemogenix, Inc.). Data are displayed as mean ± s.e.m.
exposure to protons and 56 Fe ions were unique to this sequential irradiation scheme, and were not present in HSC from these same donors following exposure to either ion species alone.
To assess whether the SNV that occurred in response to each irradiation scheme could account, at least in part, for the observed alterations in functionality/colony-forming potential of the HSC, we interrogated each identified SNV by performing an extensive search of online databases (NCBI Nucleotide, GeneCards, PubMed and Google), to determine whether genes harboring the SNV were related to hematopoiesis, or if alterations in the gene in question had been implicated in any type of leukemia. Figure 4 shows that only~15% of the genes containing SNV that were common to all irradiation schemes (data from the 2 donors were pooled as there were no SNV common to all irradiation schemes in both donors) have a role in hematopoiesis and/or have been implicated in leukemia. Similarly, only~20% of SNV present as a result of exposure to γ-radiation occurred in hematopoiesis-related genes. In contrast, nearly 50 and 42% of the SNV present following exposure to monoenergetic protons or 56 Fe ions, respectively, were in hematopoiesis and/or leukemia-related genes. Quite Unique SNV induced by proton, iron ion and mixed-field proton/iron ion irradiation exhibit a predilection for genes related to hematopoiesis and/or implicated in leukemia. SNV that were unique to each irradiation scheme were interrogated by online database searching (GeneCards, PubMed, NCBI Nucleotide and Google) for involvement in normal hematopoiesis and/or having been implicated in hematological malignancies. The bar graph displays the percentage of unique SNV in each irradiation scheme that fit these criteria. strikingly, when HSC were exposed to sequential protons and 56 Fe ions, nearly 60% of the unique SNV were within genes related to hematopoiesis and/or implicated in leukemia.
In vivo studies While in vitro assays provide valuable information regarding shortterm functionality of human HSC, the gold standard for assessing true potential/function is testing their ability to repopulate the hematopoietic system following transplantation into conditioned/ ablated immunodeficient murine recipients. NSG mice were conditioned with busulfan, 36 rather than sublethal γ-irradiation, to avoid additional radiation effects resulting from irradiation of the resident marrow microenvironment/niche within the recipient mice or residual murine hematopoietic cells.
Conditioned NSG mice were transplanted with 2x10 5 human HSC that had been exposed to the same irradiation schemes as above (n = 9 mice per group): (1) sham irradiation; (2) 1 Gy of 137 Cs γ-irradiation; (3) 1 Gy of 50 MeV protons; (4) 20 cGy of 1 GeV/n 56 Fe ions; or (5) 1 Gy of 50 MeV protons followed within 15 min by 20 cGy of 1 GeV/n 56 Fe ions. Mice were euthanized at 5-9 months post transplant, their spleen and bone marrow harvested, and analyzed by flow cytometry to ascertain whether these irradiation schemes had altered HSC engraftment potential and/or differentiative capacity. Figure 5 shows that treatment of human HSC with 137 Cs γ-rays, 50 MeV protons, 1 GeV/n 56 Fe ions, or protons followed 15 min later by iron ions (mix) markedly altered the ability of the human HSC to mediate long-term (5-6 months) engraftment. Interestingly, the mice transplanted with unirradiated human HSC had the lowest overall engraftment, whereas those transplanted with human HSC exposed to 56 Fe ions exhibited the highest engraftment levels.
In addition to affecting overall levels of engraftment, irradiation with protons, 56 Fe ions or sequential protons+ 56 Fe ions also markedly skewed the human HSC differentiative potential after 5-9 months. The relative lineage distributions of engrafted human cells in the marrow of the transplanted mice appears in Figure 6a . As can be seen, commitment to the erythroid lineage was significantly impaired following exposure to all radiation types tested. Myeloid commitment was largely unaffected, but there was a significant expansion of the T-lymphoid and B-lymphoid lineages. The relative lineage distributions of engrafted human cells in the spleens of transplanted mice are shown in Figure 6b , where we likewise observed a reduction in erythropoiesis and expansion of the T and B lineages. However, there was also a marked expansion of the myeloid lineage as a result of exposing HSC to each radiation scheme prior to transplant. Detailed analyses of these lineage distributions are shown in Figures 6c and d for marrow and spleen, respectively.
In addition to the lineage skewing, two of the recipients of 56 Fe ion-irradiated human HSC exhibited dramatic splenomegaly with spleens reaching~30X the normal size (Figure 7a) . Unfortunately, the spleens from these mice were homogenized for flow cytometry, precluding us from performing histopathology. To better delineate the cause of the marked splenomegaly, we transplanted an additional cohort of NSG mice with HSC (from a different healthy human donor) exposed to the same irradiation schemes (n = 5 mice/group). Remarkably, as in the first set of transplants, the only mice in this second cohort exhibiting splenomegaly were those transplanted with human HSC exposed to 20 cGy of 56 Fe ions, with 3/5 mice developing splenomegaly. As such, the overall incidence of splenomegaly in mice repopulated with 56 Fe ion-irradiated human HSC in these studies was 5/14 (~36%), whereas no mice in any other group developed even mild splenomegaly, including the sequential proton and iron ion irradiation groups.
To ascertain the cause of splenomegaly, spleens from the second cohort of mice were analyzed at 6-9 months post transplant by histopathology and immunophenotyping. As can be seen in Figure 7 , which shows representative sections from the spleen of one of the splenomegalic mice (histology/staining results were similar in all three mice exhibiting splenomegaly), the spleen exhibited an abnormal morphology, populated largely by cells with a rounded, highly monotonous appearance consistent with lymphoid cells (Figure 7b ). Immunohistochemistry with human-specific antibodies confirmed that the vast majority of the cells populating the spleen were human, and they expressed CD3 (Figure 7c ) and CD7 (Figure 7d ). Many of these cells also expressed terminal deoxynucleotidyl transferase (TdT; Figure 7e ), a marker frequently associated clinically with human lymphocytic leukemias. [37] [38] [39] [40] An untransplanted NSG mouse spleen was also stained with the same panel of antibodies to verify their specificity. No staining was seen with anti-human CD3 (Figure 7f) or any of the other antibodies employed (data not shown). On the basis of the observed histopathology and immunophenotyping, a team of clinical hematopathologists concurred that human T-ALL appears to have developed in these mice. To our knowledge, this represents the first report of hematological malignancy as a result of exposing human HSC to mission-relevant doses of HZE ions present in the space radiation environment.
DISCUSSION
The present studies provide compelling in vitro and in vivo evidence that human hematopoiesis is negatively affected by exposure of HSC to simulated SEP (protons) or GCR (HZE iron ions) space radiation. The markedly deleterious effect of a relatively high dose of lower-energy protons typical of a potential shortduration SPE on the immediate ability of human HSC to give rise to cells of the T-lymphoid and B-lymphoid lineages is of particular note, given the large amount of published work showing that astronauts exhibit alterations in immune repertoire and function. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Although it is likely that additional spaceflight stressors (for example, microgravity) have an important role, our in vitro data support the notion that short-term immune alterations observed in astronauts may be due, in part, to Figure 5 . Effect of proton, iron ion and mixed-field proton/iron ion irradiation on long-term engraftment of human HSC in NSG mice: To assess the in vivo functional impact of direct exposure of human HSC to mission-relevant doses of simulated SEP and/or GCR radiation, human BM-derived CD34+ cells were exposed to: (1) monoenergetic protons (1 Gy, 50 MeV); (2) iron ions (20 cGy, 1 GeV/n); or (3) sequential protons followed 15 min later by 56 Fe ions at NSRL. Upon return to WFIRM, they were transplanted intravenously into busulfan-conditioned NSG mice. Mice were euthanized at 5-7 months post transplant, and their long bones collected, homogenized and analyzed by flow cytometry with anti-CD59 (which has been shown to be the most sensitive and specific means of detecting human cells in immunodeficient mice 86 ) to assess overall levels of marrow engraftment.
radiation-induced reductions in the ability of their HSC to differentiate along the lymphoid lineage. By contrast, following 5-9 months of expansion in immunocompromised mice, the lymphoid lineages predominated in the marrow and spleen, with T-cell lineage output specifically becoming significantly increased. However, our data suggest that low-dose HZE ion exposures also significantly increase the long-term risk for HSC-derived hematological malignancy development. A possible mechanistic explanation for these findings comes from studies by DeGregori's group, [53] [54] [55] [56] who showed that exposure of HSC to radiation reduces their colony-forming potential in vitro, but also selects for clones with mutations that confer enhanced survival/proliferative potential (for example, Tp53 and Notch). Moreover, when transplanted in vivo, these cells repopulate very efficiently and give rise to significantly higher rates of hematological malignancies than unirradiated cells. Other studies demonstrate that IR exposure alters HSC functionality by multiple mechanisms. 57 When combined with other confounding spaceflight conditions, these cells may fail to generate a functionally competent immune system to effectively monitor and fight challenges such as detecting pre-leukemic transformants. 58 The pronounced differences in HSC proliferative potential/ lineage commitment we observed for the low LET gamma and proton irradiations versus high-LET iron ion irradiations originate from microdosimetric considerations of the numbers of particle traversals per cell nucleus for each irradiation scheme. Using a surface area estimate of~30 μm 2 for HSC nuclei, 59 the mean number of charged particles/nucleus can be calculated from the respective fluences of protons and iron ions (~5.3 × 10 6 and 4.4 × 10 4 particles/cm 2
•cGy), respectively. For 50 MeV proton Figure 6 . Effect of proton, iron ion and mixed-field proton/iron ion irradiation on differentiation/lineage commitment of human HSC in bone marrow or spleen of NSG mice: To assess the in vivo impact direct exposure of human HSC to mission-relevant doses of simulated SEP and/or GCR radiation has on differentiation/lineage commitment, human BM-derived CD34+ cells were exposed to the following: (1) monoenergetic protons (1 Gy, 50 MeV); (2) 56 Fe ions (20 cGy, 1 GeV/n); or (3) sequential protons followed 15 min later by 56 Fe ions at NSRL. Upon return to WFIRM, they were transplanted intravenously into busulfan-conditioned NSG mice. Mice were euthanized at 5-7 months post transplant, and then their long bones were collected and homogenized, and their spleens were collected and homogenized. Each were analyzed by flow cytometry with a panel of human-specific antibodies to CD antigens to identify various hematopoietic lineages within the recipient mice. irradiations, HSC nuclei receive~1.6 protons/cGy with the 100 cGy total dose equating to a mean of 160 particles/HSC nucleus. These values are~620-fold lower for the high-LET 56 Fe ion irradiations, considering the~124-fold difference in LET and fivefold lower dose used, with HSC nuclei receiving~0.013 ions/cGy and a mean of 0.26 particles/nucleus for the total 20 cGy dose, with the numbers of particle traversals/nucleus following a Poisson distribution (that is,~77% of nuclei do not experience any iron ion traversals). It should be noted that whereas only~23% of the HSC population are exposed to ⩾ 1 iron ions, all cells in these cultures will be exposed to low LET δ-rays in the iron ion's penumbra. With the LET value for 137 Cs γ-ray-induced photoelectrons similar to that of 50 MeV protons (0.91 versus 1.22 keV/μm in H 2 O, respectively), HSC experience similar numbers of nuclear traversals by photoelectrons during γ-ray irradiation. 60 In the case of the γ-ray and proton exposures, DNA damage, including DSBs and highly localized clustered lesions, are generated by stochastic energy depositions from the hundreds to thousands of particle traversals that are distributed randomly across the nuclear volume and throughout the genome. These IRinduced DSBs activate ATM and DNA-PK-mediated DNA damage responses (DDR) within seconds to minutes, generating cytologically visible repair foci encompassing hundreds of kilobases of modified chromatin in each direction of the break site that serves to recruit end-processing and DSB repair proteins to restitute the break. [61] [62] [63] [64] In the case of~1-2 high-LET iron ion traversals, nearly all of the energy deposited by their tracks and associated δ-ray penumbras involve more limited nuclear volumes and genomic regions located directly along the particle track 65, 66 with much higher local ionization densities and resulting DSBs and clustered lesions. 67 HZE ion-induced DSBs have been shown to be more refractory and slower to repair than low LET IR-induced DSBs, with a greater proportion being preferentially repaired by Rad51-mediated homologous recombinational repair (HRR), 68, 69 yielding much higher levels of simple and complex chromosomal rearrangements post irradiation. 70 Interestingly, two recent studies demonstrate that HSC have reduced DSB repair capacities compared with mature T-cells. A study by Vandevoorde et al. 71 showed significantly higher residual levels of low-dose X-rayinduced H2AX/53BP1 foci at 24 h and micronuclei in CD34+ HSC. In a study by Kraft et al., 72 non-homologous end-joining (NHEJ) and HRR capacities were shown to be significantly lower in human HSC compared with differentiated PBLs, which the authors attributed to reduced expression of NHEJ and HRR genes in HSC as well as a preference for repairing DSBs via microhomologymediated end-joining.
Although a previous study by Zhou et al. 26 measuring in vitro primary human fibroblast neoplastic transformation following sequential proton and iron ion exposures reported highly synergistic effects for the same mixed-field regimen used herein (protons followed 15 min later by iron ions), we identified this scheme as being partially radioprotective for human HSC by both in vitro and in vivo assays. When considering the less-than-additive effects we observe for the sequential exposures, it is likely that the initial irradiation with~500-1000 protons/nucleus fully activates the cell's DDR, with many proteins still engaged in DNA damage signaling/repair 15 min post-IR. 73 This robust DDR activation readies the cell for subsequent irradiation with 1-2 densely ionizing HZE particles at a time of maximal DDR activation. This phenomenon of an initial 'priming' dose reducing the effectiveness of a subsequent 'challenge' dose of radiation to induce a specific biological effect is termed the radiation 'adaptive response' and has been documented extensively for low LET X-rays and γ-rays (reviewed in refs [74] [75] [76] . Effects of mixed-field proton/iron ion irradiations on cellular adaptive responses were examined by Elmore et al. 77 using an in vitro HeLa X human Direct effects of SPE/GCR on human HSC C Rodman et al fibroblast hybrid cell transformation assay, but interestingly was only shown to be radioprotective when 10 cGy 1 GeV/n iron ions was delivered prior to 1 Gy of 1 GeV protons, (that is, the reverse order of our irradiations). More recently, Buonanno et al.
78
reported significant radioprotection for chromosomal damage (micronuclei) induction in primary human fibroblasts exposed to 20 cGy of 50 MeV or 1 GeV protons followed by 50 cGy of 1 GeV/n iron ions, with the radioprotective effect persisting for 24 h. Our findings from the WES experiments also raise the troubling possibility that astronauts on more extended deep space missions may be further at risk of developing hematological malignancies, as genetic mutations induced in HSC by exposure to SEP/GCR radiation could potentially lead directly to leukemic transformation. The preponderance of unique SNVs identified in hematopoiesis-related genes we identified in cells exposed to protons, iron ions and the sequential mixed-field regimen suggests that these charged particle radiations induced mutations more effectively than γ-rays, with some likely imparting a selective growth advantage for subsequent enhanced in vivo expansion, similar to DeGregori's work. [53] [54] [55] [56] Further studies are needed to clarify what influence HSC chromatin structure, nuclear organization and DNA repair capacities have on the generation of SNVs and chromosomal aberrations along the tracks of these charged particles, 79 and identify the HSC mutations responsible for and/or associated with the cases of iron ion-induced T-ALL identified in the current study. This research will be very valuable for gaining molecular insights on HZE ion-induced leukemia initiation and promotion in human cells, such has been done previously for HZE ion-induced murine leukemias and solid cancers, 80, 81 and also for providing information on potential risks of secondary treatmentrelated cancers following proton and high-LET carbon ion radiotherapy. 82 Another important finding from these studies from the standpoint of astronaut safety is the pronounced effect of single and mixed-field charged particle irradiation on erythroid colonyforming potential. Our in vivo results are intriguing given the wealth of data on so-called 'spaceflight anemia'. 83 In our studies, individual or sequential exposures of HSC to protons and 56 Fe ions significantly reduced erythroid output in most cases by~50-75%. Our results thus provide a possible mechanism that may contribute to the observed reduction in red cell numbers during manned spaceflight.
Despite the inherent technical limitations of using a xenogeneic transplant system (detailed in Supplementary Materials), 84 ,85 the immunocompromised mouse model enabled us to demonstrate, for the first time, that human HSC can be leukemogenically transformed by HZE ions typical of the space radiation environment, and that this process may be initiated by a single high-LET ion traversal. Furthermore, we establish that prior high-dose proton irradiation is radioprotective for T-ALL development in this scenario.
In conclusion, these studies represent a critical step forward for refining current NASA risk calculations for space radiation-induced human leukemogenesis and carcinogenesis. We provide specific information on the deleterious effects of two typical space radiations on the proliferative and leukemogenic potential of the human hematopoietic system. Additional research is required to identify the duration and extent of HSC radioprotection stimulated by proton irradiation and the dose range required to activate this adaptive response, especially considering the very low fluxes of protons and HZE ions in space and the low likelihood that a given astronaut HSC may likely not be afforded any radioprotective benefit prior to being traversed by a single highly deleterious HZE ion. This work also highlights the need for additional studies examining other ion species present in the space radiation environment, particularly at lower, more spacerelevant dose rates, and for further mechanistic studies to define molecular and cellular signaling pathways by which charged particle irradiation impairs human hematopoiesis, the results of which can help guide the development of appropriate physical and biomedical countermeasures.
